Prions or PrP Sc are proteinaceous infectious agents that consist of misfolded, self-replicating states of a sialoglycoprotein called the prion protein or PrP C . The current work tests a new hypothesis that sialylation determines the fate of prions in an organism. To begin, we produced control PrP Sc from PrP C using protein misfolding cyclic amplification with beads (PMCAb), and also generated PrP Sc with reduced sialylation levels using the same method but with partially desialylated PrP C as a substrate (dsPMCAb). Syrian hamsters were inoculated intraperitoneally with brain-derived PrP Sc or PrP Sc produced in PMCAb or dsPMCAb and then monitored for disease. Animals inoculated with brain-or PMCAb-derived PrP Sc developed prion disease, whereas administration of dsPMCAb-derived PrP Sc with reduced sialylation did not cause prion disease. Animals inoculated with dsPMCAb-derived material were not subclinical carriers of scrapie, as no PrP Sc was detected in brains or spleen of these animals by either Western blotting or after amplification by serial PMCAb. In subsequent experiments, trafficking of brain-, PMCAb-, and dsPMCAb-derived PrP Sc to secondary lymphoid organs was monitored in wild type mice. PrP Sc sialylation was found to be critical for effective trafficking of PrP Sc to secondary lymphoid organs. By 6 hours after inoculation, brainand PMCAb-derived PrP Sc were found in spleen and lymph nodes, whereas dsPMCAb-derived PrP Sc was found predominantly in liver. This study demonstrates that the outcome of prion transmission to a wild type host is determined by the sialylation status of the inoculated PrP Sc . Furthermore, this work suggests that the sialylation status of PrP Sc plays an important role in prion lymphotropism.
sist of misfolded, aggregated, self-replicating states of a sialoglycoprotein called the prion protein or PrP C (1, 2) . Prions replicate by recruiting and converting PrP C molecules expressed by a host into misfolded PrP Sc states (3, 4) . Although other proteins or peptides linked to neurodegenerative diseases display certain characteristics of prion-like replication (5, 6) , PrP Sc is unique in several important aspects. First, among proteins capable of forming self-replicating states in a cell or organism, only PrP Sc were found to be highly transmissible between organisms or species via natural routes (7, 8) . Second, unlike non-prion protein amyloids, PrP Sc can be titrated and show incredibly high infectivity titers similar to those of viral or microbial pathogens (9, 10) . Third, PrP Sc can successfully escape the immune system of a host (11, 12) . In fact, PrP Sc colonizes cells responsible for host defense including cells of the lymphoreticular system and replicates in SLOs autonomously from CNS (13) (14) (15) (16) . More surprising, despite low expression levels of PrP C in SLOs, SLOs are more permissive than CNS to low doses of PrP Sc or foreign PrP Sc acquired via cross-species transmission (17, 18) . What makes mammalian prions unique among other selfreplicating amyloidogenic proteins? Why are prions so incredibly transmissible, including transmission via peripheral routes? How do prions escape the host immune system? PrP C is posttranslationally modified with two terminally sialylated N-linked glycans (19 -21) . Upon conversion, the N-linked glycans are carried over, giving rise to sialylated PrP Sc (22, 23) . Sialylated glycans play an essential role in a broad range of cellular functions, but are especially important in immunity (24) . Terminal sialic acid residues on the surface of mammalian cells act as a part of a "self-associated molecular pattern," providing molecular cues to the immune system for discriminating between "self," "altered self," or "non-self" (25, 26) . Glycoproteins or glycolipids that lack sialic acids at terminal positions serve as a "pathogen-associated molecular pattern" used by mammalian immune systems to recognize pathogens or asialoglycoproteins that need to be removed (25) . Bearing in mind that sialylation serves as a molecular marker of self versus nonself, we proposed a hypothesis that sialylation determines the fate of prions in an organism (27) . In support of this hypothesis, here we show that PrP Sc produced from partially desialylated PrP C does not induce prion disease in animals upon peripheral exposure. In contrast to sialylated PrP Sc , PrP Sc with reduced sialylation status is not efficiently transported to SLOs and, instead, appears to undergo faster clearance. This study suggests that sialylation of PrP Sc is responsible for the highly transmissible nature of mammalian prions.
Results
Producing PrP Sc with Reduced Sialylation Status-To test whether sialylation controls infectivity of PrP Sc , PrP Sc with reduced sialylation levels was produced using protein misfolding cyclic amplification with beads (PMCAb) that used partially desialylated PrP C as a substrate. Normal brain homogenate (NBH) was treated with bacterial sialidases that cleave both ␣2-3-linked and ␣2-6-linked sialic acid residues (sialidasetreated NBH will be referred to as dsNBH) and supplied as a substrate to PMCAb reactions seeded with 263K (hamsteradapted scrapie strain) brain material (PMCAb conducted in dsNBH will be referred to as dsPMCAb) (28) . PMCAb reactions conducted in NBH and seeded with brain material were used as controls. To analyze changes in sialylation status, brain-, PMCAb-, and dsPMCAb-derived materials were treated with PK to remove any remaining PrP C , then denatured into PrP monomers, and the sialylation status of individual PrP molecules was analyzed by 2D Western blots. In agreement with previous studies (28, 29) , 263K brain material showed a broad distribution of charge isoforms on 2D Western blots ( Fig. 1A) . In fact, the sialylation level of individual PrP molecules varied from heavily sialylated (at acidic pH) to lacking sialylation (at basic pH). However, the distribution of charge isoforms of dsPMCAb-derived material was shifted significantly toward basic pH relative to that of brain-derived 263K and lacked heavily sialylated isoforms ( Fig. 1, A and B) . As a reference, 263K brain material that was first denatured into monomers and then treated with sialidases showed a similar shift in distribution of charge isoforms, as did the dsPMCAb-derived material (Fig.  1A) . The distribution of PMCAb-derived material showed a minor shift toward basic pH relative to that of brain-derived 263K (Fig. 1, A and B) . Such a shift was consistent with the previous study and illustrates that selective exclusion of heavily sialylated PrP C from conversion into PrP Sc takes place in the course of replication in PMCAb (28) . In summary, 2D analysis established the following rank order with respect to PrP Sc sialylation status: brain 263K Ͼ PMCAb-derived 263K Ͼ Ͼ dsPMCAb-derived 263K.
PrP Sc with Reduced Sialylation Status Does Not Cause Disease upon Peripheral Exposure-Syrian hamsters were inoculated i.p. with brain-, PMCAb-, or dsPMCAb-derived 263K. All animals inoculated with brain-derived 263K developed clinical signs of prion disease specific for 263K (Table 1) . Their brain showed substantial accumulation of PrP Sc , and smaller amounts of PrP Sc were found in spleen ( Fig. 2A ). Five out of six animals inoculated with PMCAb-derived material developed clinical prion disease with clinical symptoms specific for 263K ( Table 1 ). The five clinically positive animals showed considerable amounts of PrP Sc in their brains and variable amounts in their spleens ( Fig. 2A ). No PrP Sc was found in the brain or spleen from one clinically negative animal from this group. None of the animals inoculated with dsPMCAb-derived material showed any clinical signs of prion disease and were sacri-ficed at 352 days after inoculation (Table 1) . No PrP Sc was detected in brains or spleens of animals from this group by Western blotting ( Fig. 2A ). In summary, this experiment illustrated that the length of incubation time to disease and percentage of animals that succumb to the disease correlated well with the sialylation status of inoculated PrP Sc . FIGURE 1. 2D Western analysis of sialylation status of brain-, PMCAb-, and dsPMCAb-derived PrP Sc . A, 2D Western blotting analysis of 263K brain-, PMCAb-, and dsPMCAb-derived material. 2D Western analysis of 263K brainderived material denatured and then treated with sialidase is provided as a reference. Black and white triangles mark diglycosylated and monoglycosylated glycoforms, respectively, whereas arrows mark the unglycosylated form. All blots were stained with 3F4 antibody. HyperSia, hyper-sialylated; HypoSia, hypo-sialylated; pI, isoelectric point. B, sialylation profiles of diglycosylated isoforms of 263K brain-(solid thick line), PMCAb-(solid thin line), or dsPMCAb-derived material (dashed line). Profiles were built as described under "Experimental Procedures" using results of 2D Western blots. Animals Inoculated with PrP Sc with Reduced Sialylation Status Are Free of PrP Sc -To test whether animals inoculated with dsPMCAb-derived material were subclinical carriers of prion infection, brain and spleen materials were analyzed using serial PMCAb (sPMCAb). In previous studies, three sPMCAb rounds were found to be sufficient for detecting a single infectious particle of 263K in animal tissues (9) . Moreover, sPMCAb was shown to be 2 orders of magnitude more sensitive for detecting miniscule amounts of 263K PrP Sc than animal bioassay (9) . In the current study, sPMCAb reactions were seeded with 10% brain or spleen homogenates from animals infected with dsPMCAb-derived material and subjected to four serial rounds. As a positive control, sPMCAb reactions were seeded with 10 9fold diluted 263K brain material. All sPMCAb reactions seeded with brain or spleen materials were negative, whereas reactions seeded with 10 9 -fold diluted 263K produced positive signal on Western blot (Fig. 2B ). These results argue that animals inoculated with dsPMCAb-derived material contain less than one prion infectious unit if any.
Infrared Microspectroscopy (IR-MSP) Did Not Detect Substantial Structural Differences That Would Explain the Loss of Infectivity of dsPMCAb-derived PrP Sc -Although the reduced sialylation status of PrP Sc correlates well with the loss of ability to infect a host, changes of the PrP Sc 3D (or spatial) structure during PMCAb/dsPMCAb could also account for the drop in infectivity (30 -32) . In fact, previous studies that employed infrared microscopy revealed conformational changes in 263K brain material subjected to PMCA (32) . To compare the conformation of PrP Sc in three inoculums, PrP Sc was purified from 263K brain-, PMCAb-, and dsPMCAb-derived materials and analyzed by IR-MSP. Brain-derived 263K showed a double peak at 1626/1634 cm Ϫ1 that corresponds to ␤-sheet-rich conformation, a small peak at 1695 cm Ϫ1 that also reports on ␤-sheet structures, and a peak at 1659 cm Ϫ1 , which is conventionally assigned to a ␣-helical conformation (Fig. 3 ). In the context of the peak at 1659 cm Ϫ1 , however, it has to be noted that the association between specific IR absorption bands and ␣-helical structure elements in PrP is currently under discussion (33) . Analysis of PMCAb-and dsPMCAb-derived materials confirmed that structural changes occurred in PrP Sc during serial amplification. Specifically, in PMCAb-and dsPMCAb-derived materials, only a single peak for ␤-sheet structures was detected at 1626 cm Ϫ1 instead of a double peak within the same region in brain-derived PrP Sc (Fig. 3 ). Changes were also noticeable within the 1657-1659-cm Ϫ1 amide I region and between 1681 and 1695 cm Ϫ1 . Remarkably, the spectra of PMCAb-and dsPMCAb-derived materials were very similar if not identical, yet PMCAb-derived 263K induced the disease, whereas infectivity was lost for dsPMCAb-derived material. To determine whether minor structural differences between PMCAb and dsPMCAb groups exist, hierarchical cluster analysis was performed ( Fig. 3B ). Previously, hierarchical cluster analysis was found to be very helpful in detecting differences in the conformation-sensitive amide I region of IR spectra of prion strains or isolates or their PMCA derivatives that were not obvious by visual inspection of spectra (32, 34, 35) . The analysis revealed two main clusters: spectra of three 263K brains belong to one cluster, whereas all spectra of PMCAb-and dsPMCAb-derived materials formed another cluster. Although the structural differences between the two clusters were clearly noticeable, pronounced differences between PMCAb-and dsPMCAb-derived products could not be observed. In summary, although changes in PrP Sc structure might account for some loss of infectivity in PMCAb and dsPMCAb materials, the structural differences between PMCAb and dsPMCAb materials did not appear substantial for explaining the loss of infectivity of dsPMCAb as compared with PMCAb.
Sialylation Status of PrP Sc Controls Trafficking/Colonization of SLOs-For prions acquired via peripheral routes, colonization of SLOs typically precedes invasion of the nervous system and is considered to be an obligatory step before neuroinvasion (11, 36 -38) . Arrival of prions to SLOs could be detected as early as 2 h after intraperitoneal administration (39) . To test whether PrP Sc sialylation status controls prion trafficking to SLOs and other peripheral organs, wild type C57Bl mice were inoculated i.p. with 263K brain-, PMCAb-, and dsPMCAb-derived materials, and the amounts of PrP Sc sequestered in spleen, lymph nodes, liver, and kidney were assessed 2, 6, and 18 h after inoculation ( Fig. 4) . Brains from the same animal groups were used as negative controls. Wild type mice were used instead of hamsters for inoculating hamster 263K scrapie materials to avoid interference due to immediate replication of 263K in hamster SLOs (40, 41) . The amounts of PrP Sc in three samples were carefully calibrated using the PK digestion assay to make sure that brain-, PMCAb-, and dsPMCAb-derived inoculums contain the same amounts of PrP Sc .
In groups inoculated with brain-derived 263K, PrP Sc was detected in spleen and lymph nodes in one out of three animals FIGURE 2. Western blotting and sPMCAb analysis of brains and spleens from animals inoculated with 263K brain-, PMCAb-, or dsPMCAb-derived material. Syrian hamsters were inoculated i.p. with 10 4 -diluted 263K brain material, or 10-fold diluted PMCAb-or dsPMCAb-derived material (n ϭ 6). The scrapie brain material was diluted 10 4 -fold to match the amount of PK-resistant material to that in the 10-fold diluted PMCAb-and dsPMCAbderived samples. Animals were euthanized at the terminal stage of the disease, or at 352 days after inoculation if no symptoms were evident. A, 10% brain or spleen homogenates were treated with PK and analyzed by Western blotting. B, sPMCAb reactions were seeded with 10% brain or spleen homogenates from hamsters inoculated with dsPMCAb-derived material and then subjected to four serial rounds, and reaction products were analyzed by Western blotting. As positive controls, sPMCAb reactions were seeded with 10 9fold diluted 263K brain material. As negative controls for cross-contamination, non-seeded (NS) sPMCAb reactions were conducted in parallel. 3F4 antibody was used for staining in all Western blots.
at 2 h and in all animals at 6 and 18 h after inoculation ( Fig. 4) . In contrast, spleens of animals injected with dsPMCAb materials showed only a barely detectible PK-resistant signal at 6 and 18 h after inoculation. Lymph nodes also showed very weak signals in one out of three animals at each time point. These results indicate that dsPMCAb material is not transported to SLOs as efficiently as brain-derived 263K and/or is removed very quickly from circulation. PMCAb-derived material was found in spleen and lymph nodes, but the signal was not as strong as in corresponding groups injected with brain-derived 263K. In liver, the brain-derived 263K was detected only at 6 h, and PMCAb material was not detected at any time points, whereas dsPMCAb material was found in one out of three animals at 2 and 6 h and in all three animals at 18 h. These results suggest that partially desialylated PrP Sc is targeted to the liver more effectively than normal PrP Sc . In kidney, only animals inoculated with brain-derived 263K showed a transient signal at 6 h. As expected, PrP Sc was not detected in brains in any animal groups at any time point. Although variations within animal groups/time points were observed, the following conclusions could be made. The efficiency of trafficking of PrP Sc administered via peripheral route to SLOs correlated well with its sialylation status. dsPMCAb-derived material appeared to be targeted to liver, while showing the lowest signal across all organs tested at any specific time point in comparison with 263K or PMCAb-derived material. These results suggest that dsPMCAb-derived material is cleared faster than brain-or PMCAb-derived materials.
Discussion
Peripheral infection is the natural route of transmission for most prion diseases. The current study established that sialylation of PrP Sc administered via peripheral route controls its ability to infect a host. 263K scrapie brain material amplified using partially desialylated PrP C failed to induce diseases in hamsters, whereas the material generated with normally sialylated PrP C induced clinical disease. Partially desialylated material did not cause clinical disease, and PrP Sc was not detected in the brains or spleens of the animals at 352 days after inoculation by Western blotting. Moreover, no signal was detected after amplification of brain-or spleen-derived material in sPMCAb. Spleen was previously shown to be more permissive than brain to very low doses of prion infection, thus reducing the time considerably for detecting low-dose prion infections (17, 18) . Therefore, considering lack of detectible PrP Sc in spleen, our results strongly suggest that animals inoculated with dsPMCAb-derived material were not subclinical carriers of scrapie.
Slightly longer incubation times to disease and incomplete attack rate were found in animals inoculated with PMCAbderived material in comparison with the group inoculated with brain-derived 263K. Previous studies revealed that subjecting hamster prion strains, including 263K, to serial PMCA or PMCAb alters the physical properties of PrP Sc (31, 32) . Bearing this in mind, the decline or loss of infectivity of PMCAb-and dsPMCAb-derived material, respectively, could be due to structural changes in PrP Sc rather than changes in sialylation status. To address this question, the secondary structure of inoculated material was assessed using IR-MSP. IR-MSP measurements revealed that structural changes in PrP Sc indeed occurred during PMCAb and dsPMCAb procedures. However, although very similar if not identical structural changes were observed in material produced in PMCAb and dsPMCAb, A, IR spectra obtained from PrP Sc materials purified from brains of three Syrian Hamster infected with 263K (blue), three independent PMCAb reactions (red), or three independent dsPMCAb reactions (green), each seeded with brainderived 263K. Each spectrum represents a minimum/maximum normalized (tyrosine band at 1515 cm Ϫ1 ) second derivative spectrum obtained by averaging 10 individual point spectra. AU, arbitrary units. B, analysis of the conformational heterogeneity of 263K PrP Sc material purified from brains of animals infected with 263K or PMCAb or dsPMCAb reactions (n ϭ 3 independent brains or reactions). Dendrogram was obtained by hierarchical cluster analysis of the mean IR microspectra using the information content in the amide I region (1610 -1670 cm Ϫ1 ), D-values as the inter-spectral distance measure, and Ward's algorithm as the clustering method. 2nd deriv, second derivative; vec norm, vector normalized. dsPMCAb material failed to induce clinical or subclinical disease in 100% of animals until 352 days of incubation (at which time point the animal bioassay was terminated). Although some decline in infectivity could be attributable to structural changes, we did not detect substantial secondary structure differences between dsPMCAb and PMCAb material by IR-MSP that would explain the loss of infectivity of the dsPMCAb material as compared with PMCAb material. In fact, sialylation status of the inoculum showed a better correlation with disease outcome. Previous studies showed a similar relationship between PrP Sc sialylation status and disease outcome upon intracranial administration of 263K or SSLOW scrapie strains (28, 35) . Moreover, our recent study revealed that in animals inoculated with PrP Sc with reduced sialylation status via intracranial route, PrP Sc was not detectible in spleens (35) . This finding that PrP Sc with reduced sialylation status does not spread from CNS to SLOs or spreads to SLOs but is effectively neutralized by the immune system is consistent with the results of the current work. Together, these data suggest that sialylation of PrP Sc controls its ability to infect a host regardless of entry route.
Prions acquired via peripheral routes are captured by several types of cells, including macrophages, monocytes, B lymphocytes, and dendritic cells, and transported to SLOs (39, 41-43).
FIGURE 4. Analysis of PrP Sc trafficking to SLOs, liver and kidney upon intraperitoneal inoculation.
A, 263K brain-, PMCAb-, or dsPMCAb-derived materials were administered via intraperitoneal injection to C57Bl mice, and then the amounts of scrapie material in spleen, lymph nodes, liver, kidney, or brain were analyzed 2, 6, and 18 h after inoculation by Western blotting (n ϭ 3 per animal group per each time point). 0.05% 263K scrapie brain homogenate (ScBH) treated with PK served as a reference in all Western blots. Western blots were stained with Ab3531 antibody. B and C, dynamics of PrP Sc accumulation in spleen (B) and lymph nodes (C) for brain-(black circles), PMCAb-(white circles), or dsPMCAb-derived material (triangles) are presented on the top plots, while statistical analysis of PrP Sc amounts in spleen (B) or lymph nodes (C) at 18 h after inoculation are shown on the bottom plots. For each animal group/tissue, the signal intensities were normalized per the intensities of 0.05% scrapie brain homogenate on the same Western blots. Statistical analysis was performed as described under "Experimental Procedures." Data are presented as means Ϯ S.D., * indicates significant differences (p Ͻ 0.05), whereas # indicates lack of significant differences (p Ͼ 0.05) (n ϭ 3). FEBRUARY 10, 2017 • VOLUME 292 • NUMBER 6
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Accumulation and replication of scrapie in SLOs are considered to be obligatory steps prior to neuroinvasion (11) . Although a fraction of PrP Sc sequestered by macrophages is degraded (44 -47) , the portion that survives degradation settles down in SLOs and seeds peripheral replication of prions by follicular dendritic cells of germinal centers (13) (14) (15) (16) . Prions that reach SLOs or that are produced via peripheral replication are subject to sialylation enhancement, which appears to be accomplished by extracellular sialyltransferases (48) . It is likely that enhanced sialylation of PrP Sc in SLOs prolongs the life time of PrP Sc by protecting it from clearance by the innate immune system (48) . Enhanced sialylation of PrP Sc provides one of the possible explanations as to why SLOs are more permissive to prion infection than the CNS to cross-species transmission or small doses of prions, despite the much lower expression levels of PrP C in SLOs than in CNS (17, 18) . The current study suggests that sialylation is responsible for the trafficking of PrP Sc to SLOs. Scrapie material with reduced sialylation levels was not transported to spleen and lymph nodes as efficiently as the scrapie material with normal sialylation status. As such, partially desialylated material did not have a chance of getting extra-sialylated in SLOs. In PrP Sc , the majority of sialic acid residues are attached to galactose via an ␣2-6 linkage (20) . Recent work showed that sialic acid residues linked to N-glycans via ␣2-6 are responsible for the selective spread and adhesion of hepatocarcinoma cells to lymph nodes, in a process that involves Siglec-2 (49) . It would be interesting to determine whether a similar mechanism accounts for trafficking of PrP Sc to lymph nodes.
The total amounts of PrP Sc deposited in all organs tested were lower for groups inoculated with PrP Sc with reduced sialylation relative to the groups inoculated with PrP Sc with normal sialylation. This result suggests that PrP Sc sialylation might contribute to its stability in the periphery or its clearance rate. Several mechanisms might be responsible for clearing partially desialylated PrP Sc . Lack of terminal sialylation of N-linked glycans exposes galactose residues that generate "eat me" signals for professional and non-professional macrophages. For example, erythrocytes or platelets with reduced sialylation are cleared in liver by Kupffer cells (50, 51) . The clearance is mediated by asialoglycoprotein receptors that recognize asialoglycans on the cell surface (52) . Likewise, the microbial pathogens that lack sialic acids are targeted by the innate immune system as foreign through recognition of their non-sialylated glycans that contribute to pathogen-associated molecular patterns (25) . Several classes of host molecules are responsible for recognizing non-sialylated glycans on the surface of microbial pathogens or glycoproteins in circulation. Among them are galectins, a family of secreted proteins that recognize and bind to galactose and its derivatives (53) . A similar mechanism could also play a role in clearing PrP Sc with deficient sialylation status (54, 55) . Alternative mechanisms might involve inhibitory Siglecs that recognize sialic acid patterns and suppress innate immune cells (56, 57) , and/or factor H that dampens activation of alternative complement pathways by recognizing molecular patterns containing sialic acids on surfaces of host cells or pathogens (58, 59) .
It has been shown that the life time of glycosylated molecules in blood circulation is controlled by their sialylation status (60, 61) . Recent studies revealed that the density of sialic acid residues on a surface of PrP Sc particles is strain-specific (29) , suggesting that the strain-specific life time of circulating prions may be similarly controlled. Although PrP C molecules are highly heterogeneous with respect to their sialylation status (28, 62) , subsets of PrP C sialoglycoforms are selected in a strainspecific manner to fit into strain-specific structures (29, 63) . It remains to be established whether strain-specific differences in density of sialylation play a role in determining strain-specific rate of trafficking to SLOs and/or their degradation rates. Nevertheless, it is possible that the specific subpopulation of cells of innate immune system and the strength of their interaction with PrP Sc are determined by strain-specific density of PrP Sc sialylation.
In summary, the current study supports the new hypothesis that sialylation of PrP Sc controls its fate in an organism (27) . Sialylation of PrP Sc was found to be important for effective trafficking of PrP Sc to SLOs. Although sialylation of N-linked glycans of PrP Sc was described more than 30 years ago (64), its role in prion pathogenesis has not previously been explored. Recent years have witnessed extraordinary growth of interest in sialylation and, specifically, in its role in host-pathogen interactions and communication between cells of the immune system (25, 65) . Together with previous work (48) , the current work proposes that sialylation camouflages PrP Sc in peripheral sites and circulation, protecting prions from the innate immune system. As such, sialylation makes PrP Sc unique among amyloidogenic proteins or peptides that propagate in a prion-like manner and are responsible for a number of neurodegenerative diseases.
Experimental Procedures
Ethics Statement-This study was carried out in strict accordance with the recommendations in the Guide for the Care and Use of Laboratory Animals of the National Institutes of Health. The animal protocol was approved by the Institutional Animal Care and Use Committee of the University of Maryland, Baltimore, MD (Assurance Number A32000-01; Permit Number 0215002).
Animal Bioassay-Weanling Golden Syrian hamsters were inoculated i.p. under 2% O 2 /4 minimum alveolar concentration isoflurane anesthesia with 50 l of 10 4 -fold diluted 263K scrapie brain homogenates and 10-fold diluted PMCAb or dsPMCAb materials. After inoculation, animals were observed daily for disease using a "blind" scoring protocol and euthanized at the terminal stage of the disease. Animals that did not develop disease were euthanized at 352 days after inoculation.
PMCAb, dsPMCAb, and sPMCAb-10% NBH from healthy hamsters was prepared as described previously (66) . To produce desialylated substrates for dsPMCAb, 10% NBH was treated with Arthrobacter ureafaciens (catalog number P0722L, New England Biolabs, Ipswich, MA) or Clostridium perfringens (catalog number P0720L, New England Biolabs, Ipswich, MA) sialidases that have broad substrate specificity as follows. After preclearance of NBH at 500 ϫ g for 2 min and the addition of the enzyme buffer supplied by the manufacturer to supernatant, 200 units/ml sialidase were added to the supernatant and incubated on a rotator at 37°C for 5 h, and the resulting material referred to as dsNBH substrate was used in dsPMCAb. PMCAb and dsPMCAb reactions were conducted as described previously (28, 67) , using a Misonix S-4000 microplate horn (Qsonica LLC, Newtown, CT) in the presence of two 2/32 inch Teflon beads in each tube (McMaster-Carr, Elmhurst, IL). Both types of reactions were seeded with 10 5 -fold diluted 263K scrapie brain homogenates. To produce PMCAb-or dsPMCAbderived material, three serial rounds with 10-fold dilution between rounds were conducted, and then PMCAb and dsPMCAb products were diluted an additional 10-fold prior to inoculation. To test for the presence of prions in the brains or spleens of hamsters inoculated with dsPMCAb-derived materials, 90 l of substrate was supplied with two 2/32 inch Teflon beads and seeded with 10 l of 10% brain or spleen homogenates. Four serial rounds were conducted with 10-fold dilution of reaction products into a fresh substrate between rounds. 10 9fold diluted 10% brain homogenate from a hamster terminally ill with 263K strain was used as positive control, and nonseeded sPMCAb reactions were used as negative controls. In all PMCAb, dsPMCAb, or sPMCAb reactions, one round consisted of 20-s sonications delivered at 170-watt energy output applied every 20 min during a 24 h period.
2D Western Blotting-Samples of 25 l prepared in loading buffer as described above were solubilized for 1 h at room temperature in 200 l of solubilization buffer (8 M urea, 2% (w/v) CHAPS, 5 mM tributyl phosphate, 20 mM Tris pH 8.0), alkylated by adding 7 l of 0.5 M iodoacetamide, and incubated for 1 h at room temperature. Then, 1150 l of ice-cold methanol was added, and samples were incubated for 2 h at Ϫ20°C. After centrifugation at 16,000 ϫ g at 4°C, supernatant was discarded and the pellet was resolubilized in 160 l of rehydration buffer (7 M urea, 2 M thiourea, 1% (w/v) DTT, 1% (w/v) CHAPS, 1% (w/v) Triton X-100, 1% (v/v) ampholyte, trace amount of bromphenol blue). Fixed pre-cast immobilized pH gradient (IPG) strips (catalog number ZM0018, Life Technologies) with a linear pH gradient 3-10 were rehydrated in 155 l of the resulting mixture overnight at room temperature inside IPGRunner cassettes (catalog number ZM0003, Life Technologies). Isoelectrofocusing (first dimension separation) was performed at room temperature with rising voltage (175 V for 15 2D Western blotting signal intensity was digitized for densitometry analysis using AlphaView software (ProteinSimple, San Jose, CA). For generating sialylation profiles for diglycosy-lated isoforms, densitometry analysis of 2D Western blots was performed using the "Lane profile" function in the AlphaView program; the highest curve signal value was taken as 100%.
Procedure for Purification of Scrapie Material-Extraction of PrP Sc from brain tissue and PMCAb and dsPMCAb reactions for FTIR microspectroscopic analysis were performed as described by Daus et al. (32) with the following modifications for brain tissue. Hemispheres of mid-sagittally split hamster brains (ϳ0.5 g) were homogenized each in 10 ml of homogenization buffer. Brain tissue homogenates were subjected to the extraction procedure, and five final pellets of highly purified PrP27-30 were obtained from one hemisphere. For infrared spectroscopic analysis, final PrP27-30 pellets were washed as described (32) and resuspended in 10 l of double-distilled H 2 O. 1-l aliquots of these PrP27-30 suspensions were transferred for drying onto a CaF 2 window of 1-mm thickness (Korth Kristalle GmbH, Altenholz, Germany).
Infrared Microspectroscopy and Cluster Analysis-For each type of scrapie material, three independent preparations were obtained and characterized by infrared microspectroscopy (IR-MSP). IR-MSP measurements were carried out as described previously (32) . Briefly, mid-IR spectra were acquired in transmission mode using an IFS 28/B FTIR spectrometer from Bruker (Bruker Optics GmbH, Ettlingen, Germany) that was linked to an IRscope II infrared microscope (Bruker). IR microspectra were recorded with a spatial resolution of ϳ80 m. Nominal spectral resolution was 4 cm Ϫ1 , and the zero filling factor was 4. For each background and for each sample spectrum, 512 individual interferograms were averaged and apodized using a Blackman-Harris three-term apodization function. To attain an improved signal-to-noise ratio and to address the aspect of within-sample heterogeneity, 10 point spectra were acquired and averaged per purified PrP Sc sample. Data acquisition and spectral preprocessing were carried out by utilizing Bruker's instrument software OPUS v. 5.5. Second derivative spectra were obtained by means of a 9-smoothing point Savitzky-Golay derivative filter. All derivative spectra were minimum/maximum normalized to the tyrosine band at 1515 cm Ϫ1 .
Unsupervised hierarchical cluster analysis was used to reveal groupings in the IR microspectra. The analysis was performed using the cluster analysis function of the OPUS data acquisition software with mean spectra from three independent preparations for each group as inputs. Pre-processing of the mean spectra involved application of a Savitzky-Golay second derivative filter with 13 smoothing points (68) . Inter-spectral distances were calculated using the information from the secondary structure-sensitive amide I region (1610 and 1700 cm Ϫ1 ) as so-called D-values (scaled Pearson's correlation coefficients (69)), while Ward's algorithm (70) was used for hierarchical clustering.
Inoculation of Mice via Intraperitoneal Administration-Triton was extracted from PMCAb-and dsPMCAb-derived material using a detergent removal kit (catalog number 88305, Thermo Scientific), and the amounts of PrP Sc were quantified using Western blotting. 10% (w/v) 263K brain homogenate was diluted using sterile PBS to a final concentration of 0.75% (w/v) for the amount of PrP Sc to be equivalent in PMCAb-and dsPMCAb-derived materials. Mice (C57BL/6J, 6 weeks old) were injected i.p. with 800 l of 0.75% brain-derived or PMCAb-or dsPMCAb-derived materials per mouse, using 1-ml syringes with a 26-gauge needle (catalog number 309625, BD Biosciences). Different animal groups were housed in different cages. In each animal group, three mice were sacrificed at each time point (2, 6, or 18 h after inoculations), and their brains, spleens, kidneys, mediastinal lymph nodes, and livers were collected for analysis.
Preparation of Tissue Homogenates and Analysis by Western Blotting-Harvested tissues were cut into pieces and crushed using the plunger of a 5-ml syringe. The tissue homogenates of spleen (5% w/v), mediastinal lymph nodes (2.5% w/v), brain (20% w/v), liver (20% w/v), or kidney (10% w/v) were prepared in M-Per lysis buffer (Mammalian Protein Extraction Reagent, catalog number 78501, Thermo Scientific) in the presence of protease inhibitors (cOmplete, Mini, EDTA-free, catalog number 04693159001, Roche Diagnostics), using a bead beater (Model 2412PS-12W-B30, BioSpec Products,) and 0.1-mm glass beads (catalog number 11079101, BioSpec products). The resulting homogenates were centrifuged for 30 s at 500 ϫ g, and then supernatants (180 l for spleen and lymph nodes, 270 l for brain and kidneys, and 90 l for liver) were collected and digested with PK (20 g/ml, 37°C, 30 min) in the presence of 0.5% Sarkosyl (N-dodecanoyl-N-methylglycine sodium salt, catalog number L5125, Sigma). PK-digested samples were concentrated by precipitation in 4 volumes of ice-cold acetone, incubated overnight at Ϫ20°C, and then centrifuged for 30 min at 16,000 ϫ g. The resulting pellets were suspended in 1ϫ SDS loading buffer (50 l for spleen, lymph nodes, brain, and kidneys or 35 l for liver), heated for 10 min in a boiling water bath, and loaded into NuPAGE Novex 12% Bis-Tris Protein Gels (catalog number NP0343BOX, Thermo Fisher). Gel electrophoresis was performed at 170 V for 1 h at room temperature in MES-SDS buffer (catalog number NP0002, Thermo Fisher) in XCell SureLock Mini-Cell (catalog number EI0001, Thermo Fisher). After that, Western blotting was performed in XCell SureLock Mini-Cell Blot Module (catalog number EI0002, Thermo Fisher) for 1 h on ice (transfer buffer composition: 25 mM Tris, 190 mM glycine, 20% v/v methanol) at 33 V. The proteins were transferred to Immobilon membrane (catalog number IPVH00010, Millipore, Billerica, MA). After the completion of the transfer, the membrane was blocked in 5% fat-free milk in PBST (1ϫ PBS, catalog number AB11072-01000, AmericanBio, 1% Tween 20, catalog number P749, Sigma-Aldrich) on a rotator for 45 min at room temperature. Then, the membrane was subsequently incubated on a rotator at room temperature in (i) primary antibody for 1 h; (ii) PBST for 10 min (three times); (iii) secondary antibody for 1 h; (iv) PBST for 10 min (three times). After that, the membrane was developed with Luminata Forte Western HRP Substrate (catalog number WBLUF0500, Millipore) for 10 -30 s and visualized using the FluorChem E system (ProteinSimple). 0.05% 263K brain homogenate treated with PK (20 g/ml, 37°C, 30 min) served as internal reference for all gels.
Western blotting signal intensity was digitized for densitometry analysis using AlphaView software (ProteinSimple). For each animal group/tissue, the signal intensities were normal-ized per the intensities of 0.05% 263K brain homogenate on the same Western blots. Results are presented as the means Ϯ S.D. (n ϭ 3). Statistical significance (p) between groups was calculated by Student's t test, and indicated as * for significant (p Ͻ 0.05) and # for insignificant (p Ͼ 0.05).
